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C!IAPTER 1. 
CHARACTERIZATION OF BLOCK COPOLYMERS 
BASED ON POLY[3,3-BIS(ETHOXYMETHYL)OXETANE] 
AND OTHER NOVEL POLYETIIERS 
/ 
,, 
Abstract 
Diblock, triblock and alternating block copoly-
mers based on poiy[3,3-bis(ethoxymethyl)oxctane], poly 
(BmlO), and a random copolymer center block poly (BMMO-co-THF) 
composed of poly[3,3-bis(methoxymethyl)oxetane], poly 
(B~~IO), and poly (tetrahydrofuran), poly (TI-IF), wer.e 
synthesized and characterized with respect to molecular 
weight. Glass transition temperatures, Tg' and melting 
tempera tu res, Tm,. were characterized vi~ DSC, modulus -
temperature and dynamic i:nechanical spectroscopy, DMS. 
These polyethers had T between 70 and 90°C and T m ' 0 ~ 
between -55 and -30°C. The degree of crystallinity 
of 
poly(BEMO) was found to be 65% by x~ray powder diffrac-
tion. 
Tensile properties of the triblock copolymer, poly 
(BEMO-block-BMMO-co-THF-block-"BEMQ) were also st_udied. 
A yield po1nt was found at 4.lxJ0
7 dynes/cm
2 
and 10% 
elongation and failure at 3.8xl0
7 dynes/cm
2 
and 760% 
elongation. Morp_ho iog ical f ca tu res were examin·ed by 
reflected light microscopy and the kinetics of crystal-
lization were studied. Poly(BEMO) and its block copoly-
mers were found to form sphoruli tes of t-10 microns 
diameter •. 
2-5 minutes. 
Crystallization was complete after 
... 
. ... .. ··-- - - . - - , . 
Introduction 
Multiblock copo:lymers have become important as 
thermop)astic elastomers. The classic thermoplastic 
elastomers are the ABA tribloc~ copolymers, in which 
the A blocks are of polystyrene while the B block 
is polybutadiene, (SBS), polyisoprene (SIS) or their 
. hydrogenated eqtiivalents. The strength of these elas-
tomers depends on the degree of phase separation. Thus, 
it remains ·desirable to have· controlled but signifi~ 
cant immiscibili ty between the t~rn types of blocks, 
which is a function of their chemical structure and 
molecular weight. On the other hand, as the blocks 
become more immiscible the melt viscosity increases, 
having a deleterious effect on the processibility of 
the material (1). 
There has been considerable interest recently 'in 
an alternative type of ABA triblock structure, where 
the end blocks are capable of crystallizing upon cool~ 
ing, with the A and B" blocks being mutually miscible 
in the melt (2). With such a crystalline block co-
polymer, the melt viscosity decreases rapidly as the 
temperatur·e rises above the melting point, and hence 
.easier processing is possible. Furthermore, thermo-
plastic. elastomer~ based on crystalline domains exhibit· 
an advantageous resistarice to solvents (3). 
1. 
,, 
Several crystalline block copolymers are already 
known. The -work of Morton, et al., (1,2) and Mohajer, 
et al. (4) is based on hydrogenated polybutadiene, which 
forms a type of polyethylene. The work of Crystal, et 
al. (5) and-Lotz and Kovacs (6) provides much informa-
tion about block copolymers based on amorphous polysty-
rene and crystallizable poly"(ethy1ene oxide).· Makowski 
and Lundberg (7) describe novel plasticized thermoplas-
tic semicrystalline copolymers based on polyethylene 
and polystyrene. Hira.ta, et al. (8) prepared diblock 
and triblock copolymers of poly (ethyl.ene oxide) and 
polyisoprene. Another system of interest involves 
silicone rubber, where the crystallizable block is poly 
(diphenyl siloxane) (9). The relationships among mole-
cular structure, morphology, and mechanical behavior 
have been recently reviewed (10-13). 
The present study involves crystalline block co-
polymers based on poly[3,3 -bis(ethoxymethyl)oxetane] ~ 
polyBEMO~ and random copolymers based on oth~r ether 
forming monomers. The objective of the w~rk is to 
generate a block copolymer consisting of crystallizable 
polyether end blocks based on poly(BEMO) and an amor-
phous rubbery center block.based on the polyether random 
copolymers. This paper will examine the interr~lation-
ships among glass and melting transition behavior, 
i. 
,, 
viscoelastic characteristics, tensile properties, and . . 
morphological features of these new block co.polymers. 
The properties of the block copolymers will ·be compared 
with those of the homopolymer poly(BEMO). 
3. 
Experimental 
Materials and Synthesis 
Burdick and Jackson UV gtade THF and methylene 
chloride were dried and stored over molecular sieves. 
Commercial grade boron trifluoride ethera te was_ freshly 
distilled in vacuo before use. 1,4-Butanediol was 
distilled from calcium hydride and stored over molecular 
sieves·. 
3,3-bis(ethoxymethyl)oxetane, BEMO, monomer was pre-
pared by the reaction //sodium ethoxide with 3, 3' bis 
(chloromethyl)oxetane in refluxing ethanol (14). 3,3-bis 
(methoxymethyl)oxetane, BMMO, monomer-was likewise prepared 
by the reaction of sodium methoxide with 3,3~bis(chloro-
methyl)oxetane in refluxing methanol. Both monomers were 
freshly distilled from calcium hydride before use. All 
glassware was flame dried and swept with nitrogen immedi-
ately preceeding the introduction of reactants. During 
polymerization the reactants were maintained under a dry 
nitrogen atmosphere. 
The solution polymerization of polyBEMO or polyBMMO 
proceeds as follows (14). 100 grams of calcium hydride 
methylene chloride is charged into a flame dried 500 cm
3 
resin flask which is maintained under a nitrogen atmosphere. 
To this flask, the calculated maount of freshly distilled 
I,4~butanediol is then added, followed by the calculared 
amount of boron trifluoride etherate in the mole ratio of 
1:2. This solution is allowed to react for 1 
4. 
\ 
f.' £• I 
fi 
' 
r I) 
,, 
hour at room temperature. The reactor is then cooled 
to -10°C and after 30 minutes a solution of monomer 
1s added dropwise in methyle;ne chloride (25% w/w 
concentration). The time of addition usually ranges 
from 20 minutes to 2 hours. After a conversion of 90% 
is reached, the contents of the flask are quenched with 
SO cm3 of saturated brine solution. The organic phase 
is separated pff, washed with 10% sodium bicarbortate 
solution~ dried over magnesium sulfate and evapor~ted 
to dryness at room temperature. The resultant polymer 
is purified by precipitation from cold methanol. The 
homopolymers used in this study, their structures and 
abbreviations are shown in Table I. 
The random copolymer, poly(BMMO-co-THF), 1s prepared 
by bulk polymerization as follows. Into a 500 cm
3 
flame 
dried resin flask, which is maintai-ned under a nitrogen 
atmosphere, a calculated amount of freshly di~tilled 
THF is charged. ·While maintaining the flask at room 
temperature, a caicula ted amount of freshly distilled 
1, 4 bu tanedi o 1 is added f o 11 owed by a ca 1 cu lated amou_n t 
of boron trifluoride etherate. The flask is ~en 
cooled to o•c and after 6Q mi~tes the calculated 
amount of BMMO monomer is added in bulk. Th.e rate of 
addition is governed by the reactivity ratio of ~e 
s. 
.. 
monomer pair. The polymerization is allowed to achieve 
90% conversion, and is then quenched, first by addition 
of 1oocm3 of methylene chloride, followed by the acid.i-
tion of 50 cm3 of· saturated brine solution. The organic 
layer is then separated, washed 1~ith a 100cm
3 
sodium 
bicarbonate solution, dried over magnesium sulfate, 
and then evaporated to dryness. THF polymers are 
readily purified by precipitation from cold methanol. 
The homopolymers were linked together using the 
bis~chloroformate technqiue (15). Into a 500cm
3 
flame 
dried resin flask is added a s6lution of the. soft block 
·(BMMO-co-THF) in dried sol vent (b.en-zene; dichloro-
methane or tetrachlorbethane); the amount .of -polymer 1s 
governed by the equivalent weight of the polymer. A five 
times excess of phosge~e is then added while maintain-
in& the flask at zs•c. The normal precautions regard-
ing phosgene should be carefully followed, including 
placing a KOH trap af the end of the gas/flask train. 
The formation of the bischloroformate is allowed to 
continue for 2 hours at which time the excess phosgene 
is r~oved by p~ssing a stream of dry nitrogen through 
the flask at slightly elevated te~eratures. To this 
solution is quickly added a solution of BEHO end block 
at an al)1ount required to end cap the center block. The 
6. 
,, .. 
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addition of HCl scavenger (pyridine, piperazine, tri-
ethylamine) is normally required for good reaction. 
At this time, the flask is heated to 60°C and an imm
edi-
ate rise in·vis~osi.ty will be noted. The heating is 
usually cbntinued overnight. After this time the 
block copolymer can be. isolated by precipitation fro
m 
methanol or. water. The final polymer may be reprec
i-
pitated from methanol. 
Instrumental 
The molecular weights of various poly(BEMO)-poly-
ether block copolymers were estimated by intrinsic 
viscosity using an Ubbelhode viscometer with tetrahy
dro-
furan is solvent. All measurements were made 
t t 2ooc. n~ar room empera ure, 
The molecular weights were also 
estimated by gel permeation chromatography (GPC) using a 
Waters GPC calibrated with polypropylene glycol stan
-
dards of various molecular weights. 
A Gehman Torsion Stiffnes~ tester (16,11) was 
used to measure the 10-second shear modulus, 3G(l0),. 
as a function of temperature. The glass transition
 
and melting temperatures we~e obtained. For tempera
-
tures below 20°C, a liquid nitrogen cooled methanol 
bath was used and silicone oil was used for tempera
tures 
above 20°C. The· heating rate was 1°C/min throughou
t. 
Glass transition and melting temp~ratures were also 
7. 
.. 
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1 
' 
obtained by a Perkin-Elmer DSC l~B (18). 
Spherulit~ microphotographs were taken by ·reflected 
light using an Olympus BHr~ microscope equipped with 
an Olympus PM-lOAD automatic exp.osure control 35 mm 
photomicrographic camera. As appropriate, polarizing 
and color filters were used to enhance the im~ge. Koda-
color VR ISO 1000 and Kodak Tri-X IS0400 films were 
used. Polymer samples were prepared by placing the 
sample on a microscope slide which was heated until 
the sample melted. The sli~e was then allowed to cool 
to ambient temp·erature on- the microscope stage. The 
kinetics of spherulite growth was determined by allowing 
polymer samples to cool from the melt on the microscop~ 
stage While taking photographs at timed intervals. The 
increases in spberulite sizes were determined from 
direct measurements of ·at least ten representative 
sp~erulites in each case~ 
Dynamic mechanical spectroscopy (OMS) studies 
employed a Rheometrics Dynamic Spectrometer to obtain 
the storage shear modulus G' and the loss tangent, tan o. 
·The heating rate was adjusted to l°C/min and the fre-
qu~ncy was set at 110 Hz. 
Stress-st.rain measurements were conducted on an 
Instron Universal tester according to ASTM D638 (19,20). 
A crosshead ·speed of 0.6 inch/min. was used. 
8. 
Wide angle X-ray powder diffraction studies- em
ployed 
a ~hillips APD 3600 automated X-ray powdered d
iffractoraer 
with~ copper target and a Phillips XRG 3100 x
~ray genera-
ting unit. A nickel filter was used to isol~t
e the CuKa 
0 
line, A= 1.542A~ The scan rate was 2.Q
0 /min. by incre-
ments of Q .• 03 °. 
9. 
Results 
Molecular Weight :Determination 
The molecular weight of various poly(BEMO) poly-
ether block copolymers was estimated ·by intrin~ic 
viscosity and GPC. 
The Mark-Houwink equation for intrinsic viscosity 
was used to calculate the molecular weight of the indi-
. . a [n] = K '"t-1v (1) 
vidual polymers: 
Since the constants K' and a are unkno~n for poly(BEMO) 
and the other novel polyethers, the values K'•21.9xl0-
3 
and a=0.78 were taken from the polymsr poly(oxytrimethy-
lene), wh~h is the polyether corresponding to poly 
(BH!O) without the disubstituents in the gamma posi-
tions ( 21). Res-ul ts are presented in Table I I. Also 
presented in Table 11 are the GPC tesults, which are 
somewhat higher than the viscosity average·Tesults. 
The discrepancy be·.tween the GPC and viscosity results 
probably arise ~ram the difference in calibration systems. The 
actual molecular weights are more likely closer to the 
gel permeation chromatography results. If the intrinsic 
viscosity molecular weights are multiplied by the ratio 
of the mer molecular ,.;eights of pol)' (BEMO) over poly 
(oxytrimethylene), to correct for the presence of side 
groups, numerical agreement is much better. 
10. 
.. 
The number of blocks in the block cop
~lymer was 
estimated using the intrinsic viscosi
ty results. For 
an alternating block copolymer of the
 type {AB}n, the 
relation between molecular· weight and
 the number of 
repeat units, n, is: 
Substituting the Mark-Houwink equatio
n (eq. 1) and 
assuming that K' is nearly constant, the relation 
becomes: 
(2) 
~his assumes a certain degree of inde
pendence of the A 
and B blocks in dilute solution. Th
e quantity a 1s 
unknown for the blocks. As a varies 
between 0.5 and 
0~9, the number of repeat units estim
ated from viscostty 
results varies beiween 1 and 2 (two to four 
block units). 
From these results, it ·was concluded 
that. the AB and 
ABAB block copolymers had been succe
ssfully· synthesized. 
A similar approach was used to estim
ate if the triblock 
had been formed. Equation 3 must inc
lude two uhits 
of A block rather than one. It was f
ound that the 
value ~f n was .equal to approximatel
y one~ therefore the 
triblock (A~A) was also succ~ssfully synthesi
zed. 
Viscoelastit Behavior 
Three times the IO-second shear modu
lus, 3G(l0), 
11. 
, I 
': 
; .i 
vs. temperature curves for poly(BEMO) and poly[B
ENO-
block-BMMO-co-THF-block-BEMOJ as determ
ined on the 
Gehman are shown in Fi·gure 1. The lo
wer temperature 
decrease in the modulus corresponds t
o the glass· 
transition temperature and the upper 
decrease in the 
modulus corre~porids to the melting te
mperature. The 
homopoly~er BEMO has a glass transitio
n temperature 
of -30°C and melts at B5°C. The triblo
ck copoly~et 
has a glass transition of -45°C, soft
ens at approxi-
mately 65°C and melts at 72°C. 
Several ·points should be .emphasized h
ere. Both 
the Tg and Tm are governed by the so
ft block in ~igni-
fitant measure. There seems to be a
 certain degre~ of 
mixing between the hard block poly(BEMO) and 
the center block 
poly{BMMO-co-THF) in the triblock copolymer, 
as shown 
by the shifting of the poly (BEMO) trans.i tions
 to· lower 
temperatures. The rubbery plateau o
f the modulus-
temperature curve is_ governed by the 
h.ard block. A 
typical value of the plateau for sof
t elastomers 1s 
lxlO? dynes/cm2, wh~reas in this case
 the value of the 
8 1 g d / 2 'd" . "ff 
modulus 1s lxlO -lx O ynes cm·, 1n 
1cat1ng st1 
rubbery to leathery behavior. There 
is a direct corre-
lation between the morphology and· the
 plateau level. 
The crystallinity adds a degree of 
stiffness to the 
material, increasing the modulus abov
e the typical 
value for ~rdinary soft elastomers. 
Yet as Fiiure l 
12. 
depicts, the- center block of. the triblock co.polymer 
causes the material to behave elastomerically lm-rnring 
the modulus of the plateau. 
Physic.al Properties 
Various block copolymers studied by modulus-
temperature (Gehman) show glass transition tempera-
tures in the range of -30°C to -55°C, characteristic 
of this type of polyether, a.nd melting tempera tu res 
in the range of 65°C to 80°C (Table III). The last 
two compounds listed in ~able 111· are a series of block 
copolym~rs differing in the compositiop of the iandom 
c'opolymer .• The first has the largest ratio of tctrahydro-
fura11: (THF) to BMMO: 75 mole % THF/25 mole % B~1MO! The· 
later compound has a random copolymer ratio of 50 mole 
% THF/50 mole% BMMO. The THF lowers the glass tran~i-
tion temperature significantly due to its Tg of 
approximately -80°C. This allows the properties of the 
polymer to be changed by changing the composition of 
the soft block. The transitions were confirmed for 
a few o.f the compounds by DSC (Table III). 
Figure 2 shows the fusion ertdotherm for poly (BE~lO). 
The temperature of the maximum in the DSC trace is the 
melting temperature, Tm' at approximately 79°C. The 
upper portion of the curve. shows the decomposition 
t~mperature of poly(BEMO), at approximately 330°C. 
13-. 
Thermal decomposition of poly(BEMO) and related poly-
ethers is the subject of another paper (22). From the DSC 
trace (Fig. 2), a heat of fusion of 1. 70 kcal/mole ,~as 
obtained from the area under the curve. 
This technique 
. 
. 
measures both the amorphous and the crystalline portions, 
combined·. 
Figure 3 shows a wide angle X-ray powder diffra·cto-
meter scan of poly(BEMO) with the crystalline reflections, 
the amorphous peaks, and the backgr·ound indicated. Total 
amounts of crystalline and amorphous scattering were 
measure.d as the sum of the areas underneath all th~ crys-
talline peaks and amorphous peaks, respectively. The 
degree of crystallinity was taken as the ratio of crystalline 
to total scattering minus backgro~nd and was found to be 65% 
for poly(BEMO). Based -0n 65% crystJllinity, the J1cat of 
fusion of the crystalline portion of polyBEMO is estimated 
to be 2.60 kcal/mole. 
Morphology arid Kinetics of Crystallization 
Reflected light microphotographs of poly(BEMO), 
poly(BEMO-block-BMMO-co-THF-block-BEMO}, and poly(BEMO-
block-BMMO-co-THF1n are shown in Figure 4. Spherulites 
which have grown beJow the polymer surface show a 
spherical shape, while those that have grown at the 
surface appear as a cross-section with the slightly 
visible characteristic maltese cross pattern. As can 
be· seen from the photomicrographs,there is a signifi-
cant difference in the size of the _spherulites of the 
three polymers. 
Table IV presents mean spherulite diameters cal-
culated from at least ten iepresentativc spherulites 
I 
I 
.. . ............. .. . ~. 
in eac11 case. The spherulite sizes of the polyether 
block copolymers are more than an order of magnitude 
smaller than the size of poly(ethylene oxide) spheru-
lites, which have been extensively studied by trans-
mitted light microscopy (5). The mean spherulite 
diameters _depend on the composition of the blocks. 
The poly(BEMO) blocks become increasingly restricted 
in the ability to form spherulites and hence, spheru-
lite sizes decrease as the ratio of rubbery to crystal-
line molecular weights increases. As the concentration 
of tetrahydrofuran increases in the alternating block 
copolymers listed iti Table IV, the spl1crulite size 
decreases. 
The kinetics of spherulite formation for poly(BEMO) 
and p'Jly(.BEMO-block-BMMO-co-THF-block-~EMO) are sh_owh 
in Figure 5. The _poly (BEM.0) begins spherulite· forma-
tion after 5-10 secohds while the triblock copolymer went 
through an induction period of 70-75 secon.ds. Once initi-
ated·, spheruli te formation occured more rapidly and led 
to considerably larger spherulites for poly(BEMO)·. The 
poly(BEMO) formed· spherulites of approximately 25 
microns while the poly(BEMO-block-BMMO-co-THF-block-
BEMO) formed spherulites of only 12 microns (Table IV). 
The induciion period probably occurs in the triblock 
because the 
intervening noncrystalline rubbery center. 
block restricts the motions of the chains during 
spherulite formation. 15. 
The relatively uncontrolled .conditions under which 
the kinetics exp-eriments ,;:ere conducted allmi only a 
qualitative comparison of the kinetics of spherulite 
growth of the two polymers studied. A similar constant 
rate of diameter growth was predicted in a series of 
papers by Keith and Padden (23) •. Further studies 
are planned using a controlled temperature microscope 
stage. 
Dynamic Mechanical Spectro_scopy (DMS) 
Figure 6 depicts the storage(shear modulus), G', the 
loss (shear modulus), G", and the loss tangent, ta.n o, as a 
function of temperatµre for the triblock copolymer, 
poly (BEMO-block-B"t-,1MO-co-THF-block-BEMO). The storage 
modulus is a mea~re of energy elastically stored during 
d.efonuation and is closely related to Young's modulus 
numerically. The loss modulus is a measure of ·energy 
lost as heat during the experiment. 
Dynamic mechanical spectr-0scopy 1s a sensitive 
indicator of the extent of molecular mixing. The 
advantage of the dynamic method (DMS) over the static 
tests (Gehman 10-sec. modulus) is that the loss modulus 
is obtained. Some materials show important transi-
tions ,vith DMS that a.re mi~sed with the static test. 
In both the static ·and dynamic tests for the triblock 
copolymer,a single sharp glaSs transition occurs (Fig. 1, 
16. 
Fig. ~' which implies compl~te mixing betwee
n the 
amorphous portions of the polymer. In Figure
 6, the 
gla_ss transition temperature of poly[BEMO-block-BMMO-
co-THF-block-BEMO] is taken as the maximum of ·the los
s 
modulus curve at ~40°C. If the amorphous por
tions of 
the polymers are totally miscible, the glass 
transition 
temperature occurs at a temperature controlle
d by the 
weight fractions of the components. 
Tensile Properties 
Figure 7 shows the stress-strain behivior of 
the triblock co.polymer poly (BEMO-block-BMMO-co-THF-
block-BEMO). This figure is characteristic of the 
successiye stages in elongation of a spheru
litic 
poiymer (24). A yield point is reached at 10% 
elongation, w.here large inelastic deformation
 begins. 
The yield stress was 4.lxl0
7 dynes/cm
2 
at 10% elonga-
.tion. After 10% elongation, a neck appeared 
and gr~w 
until failure. The tensile strength was 3.8x
l0
7 dynes/ 
cm 2 at 760% elongation. 
Th~ modulus of elasticity (Young's modulu~, E, 
was determined from the initial slope of the 
stress-
strain cur~e~ The modulus· was found to be 3.
Sx10
8 
dynes/cm 2 indicating leathery behavior. Agre
ement was 
found between this result and the modulus obt
ained by 
static measurements (Gehman) at 25°C (Figure 1). Using
 
17. 
the approximation E~3G(10), the value for E from 
Figure 1 was 3.2xl08 dynes/cm2• The energy to break 
was calculated from the area under the ~tress~strain 
· 8 3 
curve and found to be approximately 2.SxlO ergs/cm 
(25 MJ/m3). 
18. 
Discuss.ion 
The concept of the thermoplastic elastomer as a 
rubbery material without the need of vulc·anization, 
which flows on heating and sets on cooling, has re-
sulted in several different materials. The first and 
most famous w~s th~ SBS triblock copolymer known as 
Kraton (25). Later, the center blbck was hydrogenated 
for environmental resistance (26).. The concept was 
further broadened~ as people discovered that combina~ 
tions of crystallin~ and. crosslinked polymers such ~s 
polypropylene and EPfiM yielded similar properties (27-
30) • 
Problems associated with the amorphous block co-
polymers such as the SBS and the hydro-g cna ted· SEBS sys-
tem reside in their high viscosity and relatively 
broad softening range. The high viscosity is caused 
by the high molecular weights necessary to ensure proper 
phase separations, while the broad softening range to flow 
of 20-50°C is a consequence of the molecular nat~re of 
the glass transition. 
Crystalline block copolymers may be miscible in 
the melt, permitting lower molecular weights and con~ 
comi tan.t lower melt v"iscosities. Since polymer melting 
is a sharper transition than the glass transition, the 
change over from a semicrystalline.solid to the melt 
19. 
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is about 10°C. Thus, the particular polycther·block 
copolymers characterized herein, melt in the. range of 
70-S0°C (Table III), and arc easily pr~cessible in 
the range of 90-100°C. 
Al though this paper does not examine the organiza-. 
tion of the crystalline-amorphous reg1Qns within the 
spherulites, the data obtained are consistent with the 
notion of folded· chain lamellae sandwiched ~y rubbery 
amorphous portions (31). As the· rubbery center block 
increases ,in length relative to the crystalline end 
blocks, the amorphous portion increases and the modulus 
decreases. 
20 . 
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Conclusions 
A series of novel polypther block copolymers were 
synthesized and characterized. Diblock, triblock and 
alternating block copblymers with two repeat units, 
of poly (BEMO.) and poly (BN1"10-co-THF) were prepared. The 
glass transition temperatures of ihese materials were 
in the range of -3Q to -S5°C while the melting tempera-
tures were between +70 and +90°C. A single glass 
transition temperature was found for the block copoly-
·mers suggesting c.omplete mixing between the amorphous 
portions of the polymer. The triblock copolymer ex-
hibited .stiff rubbery to leathery viscoelastic behavior. 
All of the polyether block copolymers showed a spheru-
litic morphology due to the crystalline end blocks. 
Spherulite size was dependent on the composition of the 
blocks. Crystallization was complete after approxi-
mately 2-5 minutes, with more rapid spherulite 
formation for the homopolymer poly(BEMO). :stress-
strain behavior was found to be characteristic of 
sphe-ruli tic polymers with a yield point .followed by 
necking and final failure after extreme elongation. 
These block copolymers exhibit encouraging properties 
in the synthesis of novel thermoplastic elastom~rs. 
21. 
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T'ahle Captions 
Table I~ Polyether Structures. 
Table II. Mblecular W~ight Characterization of 
Polyethers. 
Table I I I. Glass- Transition and Mei tirtg Tempera tu res 
of Polyethers by Gehman and DSC, °C. 
Table IV. Mean Spherulite Diameters. 
'' 
Figure Captions 
Figure 1. Modulus-temperature shift for poly(BEMO), · 
Sample ·No. 1, a_nd poly(BEMO-block-m,JMO-co-THJ:-
block-BEMO), Sample No. 8, by Gehman instrumen-
tation. rhe lower trahsition corresponds to 
Tg and the upper trans.ition corresponds to Tm. 
Figure 2. The determination of the melting temperature 
and heat of fusion by differential ~canning 
calorimetry, DSC, for poly(BEMO), Sample No. 1. 
The area under the curve at 1m yields the heat of 
fusion. At higher temperatures, the decomposi-
tion temperature is shown. 
Figure 3. Wide angle X-ray powder diffractometer scan of 
poly(BEMO), Sample No. 1. Units of int~nsity 
are arbitrary. 
Figure 4. Reflected light microphotographs of spherulites. 
a) poly(BEMO),Sample No. 1, 13.8 sec exposure. 
b) poly(BEMO-block-BMMO-co-THF-block-BEMO)~ 
Sample No. 8, 15 sec exposure. 
c} poly(BEMO-block-BMMO-co-TH.F)n' ·Sample No. S, 
12 sec exposute. 
Figure 5. linetics of spherulite formation for poly{BEMO), 
Sample No. 1, and poly[BEMO-b.lock~BMMO-co-THF-
block-BEMO], Sample No. 8. 
I 
Figure 6. Dynamic mechanical spectroscopy of poly 
[BEMO,..block-BM}-10-co-THf-block-BE~IO], Sample No. 
8, 110 Hz. 
F1gure 7. Stress-s.train curve for po1Y[BH!O-b1ock-BMMO-
co-Tl·lF-block-BEMO], Sample No. 8, at 75°F. 
Table I. Polyether structures. 
Name 
poly [ 3·, 3-bis (ethoxymethyl) oxetane] 
·poly t 3, 3-bis (met~oxymethyl)·o~etane] 
poly(tetrahydrofuran) 
Abbreviation 
poly(BEMO) 
poly (B:t-.WO) 
poly(THF) 
Structure 
~0--CHz-CHz-CH 2-CHztm 
/ 
Table 11. Molecular Weight Characterization of Polyethers 
No. Sample 
1 Poly(BEMO) 
2 Poly(BMMO-co-THF) 
3 Poly(BMMO-co-THF) 
4 Poly (Bl-<1MO-co-THF) 
s -Poly [BEMO-block-BMMO-co-THF] n 
6 Poly[BEMO-block-BMMO-co-THF}n 
7 Poly[BEMO-bloc~-BMMO-co-THF]n 
8 Poly(BEMO-block-BMMO-co-THF-block-BEMO] 
9 
Poly[BEMO-block-BMMO-co-THf..:block-BEMO} 
[n]a 
Description (ml/gm) 
Homopolymer 23.2 
center 29.0 
blocks 30.0 
33.0 
(AB)n S 2. 5 
(AB)n 63.9 
(AB)n 51.3 
ABA 61.l 
ABAb 41.9 
aAll intrinsic viscosity measurements done at 20°C. 
bReprecipitated sample. 
Mv,[n] 
(gms ) mole 
7,550 
10,050 
10,500 
12,000 
21,550 
28 ,.000 
20,600 
26,150 
16,100 
M , (GPC) 
n 
-gms (mole) 
9,200 
15,300 
17,600 
26., 8 0 0 
- ·- -
Table III. Glass Transition and Mel.ting TempE?ratures of Polyether
s by 
Gehman and DSC, ·° C. 
No. 
1 
8 
5 
7 
Sample 
Poly(BEMO) 
Poly[BEMO-block-BMMO-co-THF-block-BEMO) 
Poly [BEMO-block-BMMO·-·co-THFr n 
Poly. [BEMO- b lock-BMMO-co-THF.1 n 
ascan speed 5°C/min. 
bscan speed 20°C/min. 
Gehman., T g 
-30 
-45 
- 55 
-40 
Gehman,Tm DSC,Tga DSC ,Tmb 
85 -35 79 
72 -SO 68 
78 --·-
- -
,. 
r < • • 
Table IV. Mean Spl1erulit~ Diameters 
poly(ethylene oxide) 800-lOOOµm 
poly(BEMO) - Sample No. 1 
poly(BEMO-block-50%B~WO-co-50% THF-
block-BENO) - Sample No. 8. 
poly(BENO-block-50%BMMO-co-50%THF) 
Sample No. 7 n 
poly(BEMO-block-25%BMMO-co-75%THF) n 
Sample No! 5 
22.8 µm 
12.3µm 
7. 2µm 
2.0µm 
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CHAPTER 2. 
CRYSTALLIZATION BEHAVIOR OF 
POLY[3,3-BIS(ETHO~THYL)OXETANE] AND 
P0LY[3;;3-BIS(AZI00METHYL)OXETANE] 
,, 
Abstract 
Two crystal modifications have been found for poly 
[3,3-bis(ethoxymethyl) oxetanel, poly(BEMO), by wide-angle 
x-ray powder diffraction and differential scanning 
calorimetry while only one modification has been foun4 
for poly[3,3-bis(azido methyl) oxetane], poly(BAMO). 
Melting temperatures for the two polymers were nearly 
the same, varying from about 70°G to about 90°C depending 
on the thermal treatment~ higher crystallization 
temperatures resulted in higher melting temperatures. 
·rhe equilibrium melting temperature, Tm*, was found to 
be 125°C and 128°C for poly(BENO) and poly(BAMO), 
respectively, using the Hoffman-Weeks extrapolation 
procedure. Measurement of the melting point depression 
of poly(BEMO) and poly(BAMO) in di-.b~tyl phthala.te 
yielded enthalpy of ftision values 6£ 2.25 kcal/mole 
and 12.8 kcal/mole, respectively. The percent crys'"" 
tallinity for poly(BEMO) and poly(BAMO), resp~ctively 
was calculated to be 55-60% and 13-30% based on DSC and 
x-ray analysis. 
.. 
Introduction. 
This paper is the third in a series regarding the 
studies of homopolymers and block copolymers based on 
po~y[3,3-,bis(~thoxymethyl) oxetane], poly(BEMO), poly 
.[3,3-bis(azidomethyl)oxetane], poly(BAMO), and other 
nov~l polyethers (1,2). In the present work, the 
melting behavior of poly(BEMO) and poly(BAMO) homopoly-
mers as prototype crystalline hard blocks was studied 
under various crystallization conditions. 
While the 'crystalline structures of poly (BEMO) and 
poly (B.AMO.) have not been reported, n~merous 
studies have been done on other polyoxetanes. 
Tadokoro et ·ai. (3-7) publi'shed ·a series of papers on 
the structures of polyethers, finding three .crystal 
modifications for polyoxetane. The first modification 
was essentially planar zigzag all trans TTTT and stable 
only in the presence of water. Modiftcation II was 
stable only as oriented samples as a combination of 
trans and gauche, T3GT3G. The thir
d modifitation 
was the most stable form, (T 2G2) 2, consistent with the 
anttparallel arrange1nent of the strong .dipole-moments 
of the COC groups. 
Ptrez et al. (8). studied the influence of the 
.. . . .. . 
crystallization temperature on:"'the me1 ting behavior 
and crystalline structure of several polyoxetanes. 
1. 
\ 
r 
Poly[3,3-(dimethyl)oxetane], PDNO, and poly[3,3-
(diethyl)oxetane], PDEO, were isothermally crystal-
lized at-various temperatures and analyzed by differen~ 
tial scanning calorimetry {D~C) and x-ray analysis. 
Whe:n PDMO was isothermally crystallized below 0°C only 
one DSC peak was present, but when the crystallization 
temperatures were in the range of 0°C to 16°C two DSC 
peaks were discern·ed. At crystallization temperatures 
higher than 16°C, only one peak was again observed. 
Similar behavior was seen for PDEO. 
In work related to the present study, Nak~gawa 
and Ishida (9) used various crystallization and heat 
treat~ents to study the melting behavior and crystalline 
structure of poly(vinylidene fl~oride). They found 
that the melting behavior depended strongly on the 
annealing conditions4 
..... "C ... .,. 
2. 
··-----·-· 
I_. 
Crystalline Block Copolymers 
Morton, et aL (10,11) pointed out block copolymers 
6£ the ABA or {AB3n types need not have glassy hard. 
blocks for good properti·es, and that crystalline hard 
blocks offered special advantages. These include the. 
possibility of hav~ng the A and B blocks being mutually 
miscible in the melt, with the A blocks capabl_e of 
crystallizing on cooling. Thus, lower melt viscosities 
are achieved while maintaining the thermoplastic elasto-
mer characteristics at room temperature~ 
Recently, Goodman and Vachon (12)13) studi~d the 
crystalline character and mechanical properties of 
anionic block copolymers of s-caprolactam with£-
caprolrictone. Perego et al. (14-16) have carried out 
an extensive investigation of the structural and 
morphological features of poly(cster esteramide)s 
based on poly (ester amide} "hard" s egrnents and poly 
(tetramethylene oxide) "soft" segments. They also 
studied poly(ether ester)s based on poly(tetramethylene 
terephthalate) "hard" segments and poly (tetramethylene 
oxide). As the softening or melting behavior of th~se 
·, 
block copolymers is governed by the "hard" segment, the 
crystalline structure an,d thermodynamic properties of 
the "hard" segments demand spe~tal· a.~tention. 
3 • 
" 
. )-~ ·~· ~ ... . ' -
Of course, the above only touches on the extensive 
literature of crystalline polymers. Tadokor~ recently 
reviewed the subject in some detail (6) . 
Experimental 
Materials 
Burdick and Jackson UV grade THF and 
chloride were dried and stored over molecular siev·es. 
Commercial grade .boron trifluoride etherate was freshly 
distilled in vacuo before use,.. 1,4-Butanediol was 
distilled from calcium hydride and stored over molecular 
~1eves. 
3,3,-bis(etp.oxymethyl) oxetane, BEMO, monomer was 
prepared by the reaction of sodium ethoxide with 3,3-
bis(chloromethyl) oxetane .(17) in refluxing methanol. 
3,3-bis{azidomethyl) oxetane, BAMO, monomer was like-
wise prepared by the reaction of sodium azide with 3,3~ 
bis(chloromethyl) oxetane in refluxing methanol. Both 
monomers were freshly distilled from calcium hydride 
before use. All glassware was flame dried and swept 
with nitrogen immediately preceeding the introduction 
of reactants. During polymerization the reactants 
were maintained under a dry nitrogen atmospher~. 
The solution polymerization of poly (BEMO) or 
poly(BAMO) proceeds as follows (18). 100 grams of 
calcium hydride dried methylene chloride is charged 
into~ flame dried 500 cm3 resin flask which is main-
.... - ,. .. 
tained under a nitrogen a tmospfiere .-:' , To this flask, the 
5. 
calculated amount of freshly distilled 1,4-butanediol 
is then added, followed by the calculatea amount of 
I boron trifluoride etherate in the mo~e ratio o.f 1:2. 
This solution is allowed to react for 1 hour at room 
temperature. The reactor is then cooled to -10°c and 
· after 30 minutes a solution of monomer is added dropwise 
in methylene chloride (25% w/w concentration). The 
time of addition usually ranges from ·zo minutes to 
2 hours. After a conve.rsion of· 90% is reached, the 
contents of the £lask are quenched with 50cc of sat-
urated brine ,solution. The organic phase is separated 
off, washed with 10% sodium bicarbonate solution, dried 
over magnesium sulfate and evaporated to dryness at 
room temperature. The resultant polymer is purified 
by precipitation from cold methanol. The homopoiymers 
used in this study, their structures and abbreviations 
ar.e shown in Table 1. The structures of both homopoly-
mers were confirmed by elemental analysis, Table II. 
Instrumental 
The molecular weights of the homopolymers were 
e~timated by intrinsic viscosity using an Ubbelhode 
viscometer with methylene ·chloride as solvent at zs
0
c. 
The molecular weights were also estimated by gel 
' ... ' . 
permeation chromatography (GPCJ'usii{g a Waters GPC 
calibrate~ with poly(tetrahydrofuran) standards. 
6. 
• 
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All DSC measurements were made on a Perkin-Elmer 
DSC 1~n. Calibration was made using indium (Tm~4Z9°K) 
a~d tin (Tm=sos°K) standards obtained from Perkin-
Elmer. In all cases sample sizes were 5-10 mg. The 
samples were all placed in aluminum pans, weighed, and 
crimped. The sample pan was then placed in one sample 
holder while a Perkin-Elmer reference pah was placed in 
the other. 
X;.ray po:wder diffraction studies employed a Phillips 
APD 3600 automated x-ray powder diffiactom
eter with 
a copper target and a PJ:lillips XRG x-ray generating unit. 
A nickel filter was use~ to isolate the CuKa line, 
l = l.S42X. The scan rate was 1~0°/min by 
intrements of o.ozo: 
Density measurements were obtained by volume 
displacement at room temperature in a pycnometer . 
Polymer - diluent mixtuies were prepared for 
measurement of the melting point depression~ A 0.1 g 
portion of polymer, accurately weighed, and the desired 
amount of diluent, di-n-butyl phthalate (DBP) were 
heated to 100° C overnight to ensure ~omplete m1x1ng 
between polymer and diluent. The samples were cooled 
slowly from the melt. Mel ting tempera tu res were 
measured by DSC at a heating ;ci-t~"~'f,10° C/min. 
7. 
· Theory 
As pointed out some years ago by Flory (19), 
t~e melting point depression of a semicrystalline 
polymer due to the presence of a low molecular weight 
: diluent of volume fraction v 1 may be written as: 
Hete Tm and TmO are the melting points in the presence 
and ab~ence of the diluent, respectively, AH£ and Vu 
are th~ heat of fusion and volume per mole of repeating 
unit, v1 1s the
 molar volume of the diluent, R is the 
gas constant, and Bis the polymer solvent interaction 
patameter. This relation permits the heat of fusion to 
be evaluated from melting point depression d~ta. The 
measurements are customarily perfo.rmed on samples which 
have been slowly cooled from the melt. It was confirmed 
that this procedure does not lead to large errors in 
calculations of AH£ (20). 
.. ....... 
~ .. - ' ... 
8. 
Results 
Part I - Chata:c·teri zation 
. 
0 
Th~ intrinsic viscosity .of poly (BEMO) at 25 C was 
found to be 26. 2 ml/ gram and 15. 7 ml/ gram for·poly (BAfi10) 0 
The molecular weight distribution data. determin·ed by 
GPC using poly (tetrahydrofuran) as the calibration 
standard are listed in Table III. The density of 
. o . I 3 poly (BEMO) at 25 C was found to be 0.85 gm cm and 
0.92 gm/cm3 for poly (BAMO). 
Part II~ Melting Behavior 
As - Received 
Figures 1 and 2 show the DSC thermograms for 
as-received poly (BEMO) and poly (BAMO) at 10° C/min 
I . 
re~pectively. Poly (BEMO) has three peaks at 63° C, 
75° C, and 11° C and a melting temperature of 80° t 
where the last trace of crystallinity disappears and 
there is a return to the baseline. Poly (BAtID) has 
two peaks at 78° C and 82.5° C and a melting tempera-
ture of 87.5° C. 
Both the as-received poly (BEMO) and poly (BMIO) 
were heated to 1-00° C ind ailowed to cool slowly to 
room temperature. Both samples showed a single melting 
peak 1:1pon reheating. Poly (BEMO-f~t·he.n melted in the 
range of 78-80.o c and poly (BAMO) in the range of 
87-90° c. 9. 
Quench Crystallized 
When the samples of poly (BEMO) and poly (BAMO), 
are quickly quenched in liquid nitrogen from the me:lt 
. 0 
state, the DSC curves ~ta heating rate of 10 C/min. 
show two thermal tra-nsi tions: an exothermic peak neat 
s° C corresponding to cold crystalliz·ation and an 
endothermic peak with Tm at 7 s° C (Poly BEMO) and 8-5° c 
(Poly BAMO), see Figure 3. 
_Isothermally Crystallized Speci~ens 
Poly (BEMO) and poly (BAMO) samples were heated 
above their melting tempera tu res -and allowed to crysta11-
ize isothermally at various temperatures. 1he effect 
of crystallization temperature on the: remelting 
temperature was then determined·. When poly (BEMO) 1s 
undercooled from the melt to different crystallization 
temperatures, the DSC curves show that the melting 
temperature decreases as. the crystallization tempera.,. 
ture decreases (Figure 4). The poly (BEMO) polymer 
shows only a single melting endotherm, independent of 
the crystallization conditions. Tm varies between 
82° C and 76° C as the crystallization tempeTature was 
lowered from so0 c to -6°C. 
Similar results were obtained for poly (B/\MO). 
' .. - .. .. 
The melting temperature dccreas·ea-,~'ith- a decrease 1n 
10. 
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the crystallization temperature. A single· ~elting 
e~dotherm was seeft for each. crystallization temperature. 
The melting temperature varied between 90° C and 87° C 
·. 
as the crystallization temperature was. reduced from 
so° C to -6° C. 
Solution Crystallized Speti~ens 
In an attempt to recover the multiple melting 
peak conditions, samples of poly (BEMO) and poly (BANO) 
were dissolved in .methyl~ne chloride. These s.olutions 
were slowly dripped into methanol held at various 
temp.era tures. (This experiment simulated initial 
crystallization during synthesis). The polymers were 
allowed -to crystallize in solution for· approximately 
one day. T~e samples were dried in a vacuum oven at 
room temperature until constant wejght. 
Figure 5 displays the· (DSC, 10° C/min) thermograms 
for poly (BEMO) crystallized as above at -2s° C, o° C 
and 2s° C. All of the samples have a melting tempera-
ture of 78° C. Samples of poly (BAMO) were crystallized 
at o° C and 25° c.. The thermograms for poly (BANO) (not 
shown) are similar to that of poly (BEMO) with a single 
0 
melting peak and melting temperatures of 87.5 C • 
... . -., . ~ 
..... -, . 
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Part III - Thermodyna~ics of Cryst•lliiition 
Equilibrium Melting Point 
Figure 6 ~hows the effect of crystallization 
temperature, Jc' on the observed melting temperature, 
Tm, for poly (BEMO). In this study, the samples were 
maintai.ned ab.ave their melting points for at least 30 
minutes to ensure comp1ete- melting of the crystals 
before being cooled at 10° C/minufe to the crystalliza-
tion temperatu~e (21). Following the crystallization 
treatment at Tc' the samples were cooled to room 
temperature at 10° C/minute. In the last cooling run, 
thermograms of the samples failed tq reveal any 
evidence of secondary crystallization. In the final 
part of the programi the.meliing temperatures of the 
isothermally crystallized samples were measured at 
10'° C/minute. 
By using the Hoffman-Weeks extrapolation procedure 
(22,23), Tm* (the equilibrium melting temperature) can 
be determined from the intersection of the experimental 
plot of T versus T with the line reprisenting T = T . m c · m c 
The equilibrium melting temepraturc for poly(BEMO) JS 
125°C and 128°C foi poly(BAMO). 
12. 
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If it is assumed that the crystals are perfe~t 
and of finite size and that no recrystallization takes 
place during the melting run, the experimental data in 
Figure 6 can be described by an equation for isothermal 
crystallization (22,24) 
T * - T = 0 ('I' * - le) 
m m m 
(2) 
where•· is the itability parameter which depen4s on 
the crystal thickness. In equation (2), where~-
assumes all values between O and 1, , = 0 implies 
T = T * for T whereas ,,. = 1 implies Tm = T . 
J1:t m . C . p C 
Therefore·, the .crystals are most stable at .~ = 0 and 
inherently unstable at 0 = 1. For poly BEMO, ~ = 0.55 
an~~= 0.39 for poly(BAMO), suggesting that the crystals 
are stable to a hormal degree. 
Enthalpy of Fusion 
According to equation (1), [ (1/Tm·)- (l/Tm
0
)) /v 1 
1s plotted as a function of v 1/Tm for p_oly(BEMO), 
see Figure 7. The values of 2.25 kcal/mole of repeat 
3 
units and 1.45 cal/cm for 6Hf and B for poly (BEMO) 
were calculated from the ·intercept and -slope of th~ line, 
respectively. The values of 12~8 kcal/mole for AU£ 
and 6.12 cal/~m3 for B were similarly calculated for poly 
(BAMO). Since the equilibrium melting temperature T ~~ m 
' 
for poly (BEMO) is 125° C, -the ~equilibrium entropy of 
fusion, AS, can be calculated from AS= AH /T * f m ' 
13. 
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and is found to be 5.6 ou/mole of repeat units. The 
equilibrium entropy of fusion for poly (BAMO) i.s 32.0 
etl/mole of repeat units. 
The percent c·rystallinity .can be calculated from 
(3) 
where t\Hf is the observed specific enthalpy of 
fusion determined from the area under the DSC thermogram. 
The quantity l:\Hf is the specific enthalpy of fusion 
of the crystalline phase as it exists in the polymer 
and is determined by rnel t.ing point depress ion data. (23) . 
The observed specific enthalpy by DSC of poly (BEMO) 
and poly (BAMO) were found to be ~.24 kcal/mole and 
1.66 kcal/mole respectively. Therefore the percent 
crtstallinity as determined by equation (3) for poly 
(BEMO) is 55% and 13% for poly (BAMO). 
Part IV - X-Ray Results 
Apparent Degi:ee ·of Crystallini ty 
Figures 8 and 9 ar.e x-ray diffractograms of poly 
(BEMO) and poly (B.AMO), respectively. Figure 8b shows 
a wide-angle x-ray powder diffractometer scan of as-
received poly (BEMO). The ~pparent degree of 
crystallinity· is defined as 
... , ...... -" -: : : (4) X. I = I /(I +I) 
er c c a 
~ . . .. .. 
where le and° Ia are the areas under crystalline peaks 
14. 
.. 
and amorphous peaks, respectively, after correcti_ng 
the intensity for incoherent scattering (25)~ The 
.. 
apparent degree of crystallinity was found to be 60% for 
poly (BEMO) and 30% for poly (BAMO). These values are 
1n faiily good agreement with the calorimetric estimates 
of crystal lini ty, see previous section. 
As .Received vs. Melt Crystaliized Samp·les 
The as-received poly (BEMO) sample, Figure Sb has 
been designated Modification II and the sample 
crystallized from the melt, Figure 8a, Modification I. 
There are major differences between these x-ray 
diffractograms. Both samples have major peaks at 
approximately 28 = 8.6, 16.0, 19 •. 1 and 22.3, yet the 
sample crystallized from the melt has lost the peaks 
at 28 = 11.9, 12.S and 21.1. 
delineated in Table IV. 
These differences are 
. 
. 
The as-received poly (BAMO) and the melt-crystall-
ized sample have nearly identical x-:ray scans as shown 
in Figure 9 and 11 in Table IV. It ~ust be emphasized 
that there were no peaks lost on recrystallizing 
poly BAMO. 
Samples of poly (BEMO) crystallized 1n solution at 
various temperatur·es (Figure 5) were also examined by 
' .. .. " .. 
x-ray methods. The scans of the-samples crystallized 
15 . 
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at -25° C, o0 c and zs° C were found to be Modification I. 
The samples crystallized from the melt isothermally at. 
_various temperatures (Figure 4) were also found to exist 
as Modification I. 
j 
I 
'· 
Discussion 
Multiple ·endotherms are frequently found.on DSC 
scans in the :me 1 ting region of semicrys tal line polymers. 
This behavior is ~hown in Figures 1 and 2 for as-received 
poly (BEMO) and poly (B.AMO), respectively. Several 
interpretations have been presented for this phenomenon 
( 26 - 28), depending on the results of supporting 
experiments~ Some of these include that the lower-
temperature endotherm does not correspond to the melting 
of a crystalline phase, but rather to a-solid-solid 
phase ~ransition, or partial melting, and that the 
higher temperature endotherm indicates melting of the 
crystalline phase formed by such tr~nsitions as 
orientation changes of crystals, phase transition be-
·tween crystalline modificiations or recrystallization 
(29). Multiple peaks hive also been ascribed to heteto-
geneity bf molecular weight, heterogen~ity 1n crystai1-
ite size .or to the formation of two coexisting crys-
talline forms. 
Figure 3 displays recrystallized poly (BEMO) and 
poly (BAMO) at high undercoolings with a single melting 
peak. Therefore, it might be ded.uced that the muJ tip le 
fusion peaks of Figurei 1 and 1 typify imposed 
crystallization conditions, artd ~are., the result of a 
17. 
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distribution of crystallite sizes due to restricted 
crystallization caused by the heterogeneities. 
The po~y (BAMO) samples had identical x-ray 
diffraction scans (Figure S) suggesting that the 
multiple fusion peaks in Figure 2 are th.e result of 
heterog~neities in crystallite sizes and thjt a single 
crystalline modification exists. However, x-ray 
analysis on as-received vs. melt-crystallized samples 
of poly(BEMO) indicated the presence of two crystalline 
structures {Figure 8). 
Two types of experiments were carried out in an 
attempt to separate the two ·different crystalline 
modifications of poly (BEMO). Isotherm~l crystalliza~ 
'/ 
tion was successful for Perez et al. (8) on similar 
polyoxetanes. When similar isothermal crystallization 
experiments were performed on poly (BEMO)j single melt-
ing endotherms with about the same T· were found for . m 
all crystallization temperatures (Figure 4). These 
r~sults suggest that a single crystallin~ modification 
exists when the polymer is isothermally crys-tallized 
from the melto This was confirmed by x~ray analysis 
and found to be Modification Io 
Considering that the as-re..c.e.~v~d poly (BEMO) had 
multiple peaks when ·crystallized froci solution, the 
second experiment was to re.crystallize the poly (BEMO) 
18. 
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in methanol at various temperatures. Again, a single 
melting endotherm for all crystallization temperatures 
' was present with identical Tm'~ indicating only one 
crystalline modification. This was also confirmed by 
x-ray analysis. 
The crystal structures of poly {BEMO) and poly 
(BAMO) have not been described to date. As seen in 
Table I, the backbone structures of poly {BEMO) and 
poly (BAMO) are identical to the skeletal bonds of 
poly (oxetane). According to Tadokbro, et. al. c•)., 
the backbone structure of poly (oxetane) may assume 
thr~e possible conformations. Of the three-models, 
orte TTTT 1s all planar zigzag. 
- CH 2 t O - CH 2 - CH z· - CH 2 ) n -
T T 
T T 
T T 
G 
T 
T 
G 
G 
T 
(S) 
The second model is the 'i'TTG type, in which two C-0 
bonds and one C-C bond are trans and th~ other C-C bond 
is gauche. The third· model is the TTGG. Two c:..o bonds 
are trans and two C-C bonds .are gauche. The following 
arguments have been taken into account here: (1) the 
C-0 bond in these polymers cannot .take the gauche form, 
.... - ' -· 
19. 
because of the short distance between the attached 
two CH2 groups. (2) The C-C bond can take either of 
the -two forms, trans or gauche.. All these molecular 
conformations have been found for poly (oxetane). 
Thes~ three molecular conformations may also be 
considered as the backbone structure uf poly (BEMO) 
and poly (BAMO). Tadokoro et al. calculated the fiber 
axis length to be. 4.80 R for the planar zigzag TTTT 
modei. Since both the poly (Balo) and poly (BAMO) 
x-ray diffractograms showed a large pegk at about 
2B = 19° (d = 4.75 R)the planar zigz~g model may 
tentatively be considered as the structure of the 
backbone of these polym_ers ( 30). 
' ,,. - " . 
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·co"nc1usions 
Two crystalline modifications have r,f-~~ for 
poly (BEMO)o When·the po1y (BEMO) samples are 
crystallized from the melt or solution at various 
temperatures, inodi.fication I exists o Modification II 
has been found in the as~received samples but has not 
been reproduted from the original sample at this time. 
Poly (BAMO) samples underwent similar experiments as 
the poly (BEMO) samples and a single crystalline form 
was found to exist. 
The enthalpy of fusion was calculated for po1y 
(BEMO) and poly (BAMO) and found to be 2.25 kcal/mole 
and 12.8 kcal/mole, respectively. The increase in the 
enthalpy of poly (BAMO) is most likely due to the greater 
polarity of the aiido side gro~ps. While the melting 
temperatures of the two pnlymers varied from about 70°C 
to about 90°C depending on crystallization conditions, 
the equilibrium melting temperatures were found to be 
l2S°C and 128°C for poly(BEMO) and poly(BAMO), 
respectively. 
The results of this work provide important engineer-
1ng data for the deve1opment of thermoplast~c elastomer 
block copolymers based on crystallizable polyet~erso 
• . 0 
Melting temperatures in the range· of,70-100 C,. followed 
by low melt viscosities are important for many adhesive 
and binder applications, for example. 
21. 
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Table I. Polyether Structu.res. 
Table I I. Elemental Analysis Re·sul ts. 
Table III. Molecular Weight Distribution Data. for 
Poly (BEMO) and Poly·(BAMO) samplesa. 
Table IV. Values of 28 for Various Poly(BEMO) and 
Poly(BAMO) Samples. 
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Figure Captions 
Figure 1. DSC thermogram of as-recetved poly(BEMO). 
Figure 2. DSC thermogr~m of as-received poly(B.AMO). 
Figure 3. DSC thermo grams of poly (BEMO) and poly CB.AMO) 
quenched in liquid nitrogen. 
Figure 4. Dependence of melting temperature on iso-
thermal crystallization temperature for 
poly(BEMO). 
Figure 5. DSC thermograms of poly(BEMO) crystallized 
in solution at various temperatures. 
Figure 6. Equilibrium mel.ting point determination by 
a plot of Tm vs. Tc for poly(BEMO). 
Figure 7. Enthalpy qf fusion determination by diluents 
£or mixtures of poly(BEMO) and dibutyl 
phthalate (DBP). 
Figures~ Modification I and II of poly(BEMO) as seen 
by w1de-angle powder diffraction. Units of 
intensity are arbitrary. 
Figure 9. Wide-angle X-ray powder diffraction scan of 
poly(B.AMO). Units of in.tensity are arbitrary. 
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Table I. Po.lyether Structures • ..,..._ 
\ ----
_! • 
Abbreviation 
poly (BEMO) 
Structure 
Name 
poly [ 3, '.?-bis (etho.xymethyl) oxetane] 
poly[3,3-bis(~zido~ethyl)oxetane] poly(BAMO) 
CH -0-CH -CH I z z 3 
{0-CH -C-CH 1 
. z I z m 
CH -0-CH -CH 2 2 3 
IHzN3· 
{0-CH_ -C-CH ~-
. 2 I Zin 
CH 2N 3 
%Ca,b 
%H 
%0 
%N 
Table II. Elemental Analysis Results. 
P..oly(BEMO) Poly(BAMO) 
ExEerimental Theoretical Experimental 
36. 10 
4.75 
9.50 
49.60 
'fheoretical 
35.71 
4.76 
9.53 
50.00 
61.55 ·6 2. 0 7 
10. 4·8 10.34 
27. 97 27.59 
- - - - -
- - - - ... 
N a) All percentages ate on a weight basis. 
00 
. 
b) Analyses performed by: G.I. Robertson Microanalytical Lab 
73 West E.nd Ave. 
Florham Park, NY 07932 
( 
. , ... •'•.; 
/ 
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Table III~ Molecular Weight Distribution Data for 
Poly(BE~10) and Poly (BAf.10) Samplesa. 
3 
M M M /M [n] 
cm 
-
n w \'! n gm 
Poly(BEMO) 22,600 73,~00 3.25 26~-( . ;._ - } 
'"~ 
Poly (BAf.10) 25,000 50,800 2.03 JlS.7 -{ 
aM , M repres·ent number and weight average molecu.lar 
n w 
weights calculated from gel permeation chromatography 
calibrated with pQly{tetrahydrofuran) standards. 
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Table IV. Values of 29 for Various Poly(BEMO) an<;l Poly(BAMO) Samp
les~ 
Poly(BEMO) Po lX: (BAMO) 
29.(As ...;Received) 28 (Melt Crystallized) 28(As-Received) 29"(Mel
t- Crystallized) 
8.57 8.64 11.69 
11.86 
9.52 9.57 15.31 
15. 56 
11."90 - - - - - 16.41 
16.63 
12.53 - -·- - - 19.26 
19.55 
15.95 15.90 23.68 
23.80 
~ 17.26 17.18 ·26. 7 9 
27.10 
0 
. ~~ 
19.09 19.02 28.27 
28.51 
20.14 20.10 31.02 
31.29 
21.13 - - - - - 33.32 
33.60 
2·2. 2 7 22.24 39.75 
39.24 
23.97 23.24 4 3 .. 3 2 
43.17 
72.50 72.30 72.65 
72.54 \ '---
() I' i·, 
·t--·-""""""'""-•·--- '. 
DSC of As-Received Poly[BEMO] 
E 
.. 
Q) 
~ 
~ 
0 
'O 
C 
w 
40 
Poly~EMoJ 
60 80 
Temperature,°C 
FIGURE 1 
. . 
DSC of As· Received Poly(BAMO) 
\ E .. G) .r:. 
\ 0 ,, 
C 
Poly[BAMO] w 
•. 
50 70 90 
'\ 
Temperature,°C 
\ 
\ 
FIGURE 2 / 
I 
I 
\" 
E 
... 
Q) 
r. 
0 
"C 
C 
DSC of Quenched Polyethers 
w l-----+--~-+---+----+---+---+--
-30 10 50 70 
Temperature, °C 
FIGURE 3 
DSC of Poly(BEMCJ Isothermally 
Crystallized at Indicated Temperature 
_____ ·e ·c 
____ o 'C 
___
 25'C 
__ 4o·c 
50'C 
50 70 90 
Tm (°C) 
( 
FIGURE 4 
··t 
Poly(BEMO) Crystallized in 
Solution at Indicated Temperature 
i 
A, r 
i Poly(BEMO) 1\ 
I / : 25°C I , 
El ) ... I ·. \ ' 0°C a, 
.c 
~ 
0 
I 
"C \ ·25°C 
C 
w 
40 60 80 
Temperature, °C 
FIGURE 5 
Enthalpy of Fusion 
Determination by Di luents 
Poly(BEMO)-DBP 
Mixtures 
• 
• 
FIGURE 6 
p 
I, 
L, 
Equilibrium Melting Point 
Plot of Tm vs. Tc 
for Poly(BE~) 
/ 
/ 
/ 
Tm* 
125°C 
(398 
20,...._---+---+---+--+----f--, 
20 60 100 140 
Tc(oC) 
FIGURE 7 
\ 
/ 
,.,, 
( 
>. 
.. 
·-ti) 
C 
! 
C 
-
Poly(BEMO) Crystal Modifications 
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